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ABSTRACT
High-energy neutrinos are expected to originate from different stages in a gamma-ray burst (GRB)
event. In this work we revisit the dissipative photospheric scenario, in which the GRB prompt emis-
sion is produced around the photospheric radius. Meanwhile, possible dissipation mechanisms (e.g.,
internal shocks or magnetic reconnection) could accelerate cosmic-rays (CRs) to ultra-high energies
and then produce neutrinos via hadronuclear and photohadronic processes, which are referred to as
prompt neutrinos. In this paper, we obtain the prompt neutrino spectrum of a single GRB within a
self-consistent analytical framework, in which the jet-cocoon structure and possible collimation effects
are included. We investigate a possible neutrino signal from the cocoon, which has been ignored in
the previous studies. We show that if a GRB event happens at a distance of the order of Mpc, there
is a great chance to observe the neutrino emission from the cocoon by IceCube, which is even more
promising than jet neutrinos since the opening angle of the cocoon is much larger. We also figure out
the diffuse neutrino flux of GRB cocoons and find that it could be comparable with that of the jets.
Our results are consistent with the latest result reported by the IceCube collaboration that no signif-
icant correlation between neutrino events and observed GRBs is seen in the new data (Aartsen et al.
2017).
Subject headings: gamma-ray burst: general — neutrinos — relativistic processes
1. INTRODUCTION
Relativistic jets are universal in long-duration gamma-
ray burst (GRB) models. Before breaking out, a rela-
tivistic jet must propagate in the progenitor envelope,
leading to the formation of a cocoon structure which in
turn collimates the jet (Matzner 2003; Morsony et al.
2007; Mizuta & Aloy 2009; Bromberg et al. 2011a;
Mizuta & Ioka 2013). In this stage, a part of the
jet energy is injected into the cocoon. After break-
out, as suggested by the photospheric scenario (e.g.
Rees & Me´sza´ros 2005; Murase 2008; Wang & Dai 2009;
Gao et al. 2012), a significant fraction of the outflow en-
ergy is converted to the radiation energy via some dis-
sipation mechanism within the outflow (e.g., internal
shocks or magnetic reconnection) and the jet produces
prompt gamma-ray emission around the photospheric
radius (Murase 2008). At the same time, the cocoon
also expands adiabatically like a fireball (Mizuta & Ioka
2013). Since the amount of energy in the cocoon is much
smaller than the GRB isotropic equivalent energy, the
cocoon emission is always ignored in the previous works.
Recently, Nakar & Piran (2017) studied the observable
signatures of GRB cocoons in detail, which also moti-
vates us to investigate the neutrino emission from the
cocoon.
GRBs have been discussed as capable cosmic-
ray (CR) accelerators and are possible sources for
high energy neutrinos (e.g. Waxman & Bahcall 1997,
1999; Rachen & Me´sza´ros 1998; Alvarez-Muniz et al.
2000; Bahcall & Waxman 2001; Guetta & Granot 2003;
Murase et al. 2006; Becker 2008). We can expect
high-energy neutrinos originating from different stages
in a GRB event. First, neutrinos could be pro-
duced while the jet is still propagating in the enve-
lope (e.g. Me´sza´ros & Waxman 2001; Horiuchi & Ando
2008; Murase & Ioka 2013; Xiao & Dai 2014). How-
ever, the forward and reverse shock inside the progen-
itor may be radiation-mediated (Levinson & Bromberg
2008; Katz et al. 2010), and therefore these neutrinos are
more relevant for low-luminosity GRBs or chocked jets
(Liu et al. 2011; Murase & Ioka 2013; Xiao & Dai 2014,
2015; Senno et al. 2016). They appear as a precursor
burst and their energies are mainly sub-PeV (Xiao & Dai
2014). Second, the prompt photon emission from GRBs
can be correlated to the production of neutrinos, since
protons are also believed to be accelerated in relativis-
tic internal shocks (e.g. Vietri 1995; Waxman & Bahcall
1997, 1999; Me´sza´ros & Rees 2000; Guetta et al. 2004;
Murase & Nagataki 2006; Liu & Wang 2013). Al-
ternatively, the neutrino emission might arise from
a dissipative jet photosphere (e.g. Rees & Me´sza´ros
2005; Murase 2008; Wang & Dai 2009; Gao et al. 2012;
Zhang & Kumar 2013). Finally, there will be neutrino
production in the afterglow phase since external for-
ward and reverse shocks could also accelerate CRs (e.g.
Waxman & Bahcall 2000; Dai & Lu 2001; Dermer et al.
2003; Razzaque 2013; Wang et al. 2015).
In this work, we focus on the neutrino production
in the prompt emission phase, which are referred to as
“prompt neutrinos”. We carry on our calculations within
the dissipative photospheric scenario, in which the dissi-
pation and thermalization should occur around or below
the photosphere (Murase 2008; Wang & Dai 2009). Most
importantly, we try to figure out the neutrino emission
2from the cocoon, which is largely ignored in previous
works. We show that there is a great chance to observe
the cocoon neutrinos if the GRB is located at a distance
of the order of Mpc. If the observer is off-axis, the only
neutrino signal from a GRB source we can observe orig-
inates from the cocoon. These cocoon neutrinos would
be falsely identified as not correlated with a GRB, which
is consistent with the null results of searching for GRB
neutrinos by IceCube (e.g. Aartsen et al. 2012, 2017).
The paper is organized as follows. We introduce the
model and dynamics in Section 2. Then we consider the
prompt neutrino emission of a nearby individual GRB
in Section 3. Section 4 presents our results of the dif-
fuse prompt neutrino flux from GRBs, compared with
the IceCube data. Finally, we provide a summary and
discussion in Section 5.
2. MODEL AND DYNAMICS
First, we consider the neutrino emission of a typi-
cal GRB. We assume that the jet luminosity is Lj =
1050 erg s−1 with an initial opening angle θ0 = 0.1, and
the progenitor envelope has a power-law density profile
ρa(r) = Ar
−2, where A =M∗/4πR∗ = 1.59×10
22 g cm−1
for the typical progenitor mass M∗ = 10M⊙ and radius
R∗ = 10
11 cm. According to Bromberg et al. (2011a),
we can define the dimensionless L˜ ≡ Lj/(Σjρac
3), where
Σj is the jet’s cross section. For our parameters taken
here, we get L˜ ≃ 2.7 and it falls into 1 ≤ L˜ < θ
−4/3
0
regime (Bromberg et al. 2011a; Xiao & Dai 2014), which
means that the jet is dramatically collimated by the co-
coon. Therefore, the head velocity is determined by
βh = β0/(1+L˜
−1/2) ≃ 0.62, where the jet material veloc-
ity is relativistic β0 ≃ 1 (inside the star, Γ0 ∼ θ
−1
0 ∼ 10
(Mizuta & Ioka 2013)). The time for jet breakout is
tb = R∗/(βhc) ≃ 5.4 s so that the energy flowed into
the cocoon is Ec = Ljtb(1−βh) ≃ 2.0× 10
50 erg. This is
just a conservative estimate of cocoon energy since there
might be extra energy injection into the cocoon in the
afterglow phase, which we will discuss later. The den-
sity of the jet material is ρj(r) = Lj/(Γ
2
0πr
2 θ¯20c
3), where
θ¯0 < θ0 is the opening angle after collimation. During
the jet propagating in the envelope, the Thomson scat-
tering depth τT = (ρj/mp)σT (R∗/Γ0)≫ 1, so that both
the forward shock and reverse shock formed at the jet
head are radiation-mediated (Murase & Ioka 2013). Effi-
cient Fermi acceleration would not be achieved inside the
star and we can ignore the high energy neutrino emission
when the jet is still propagating in the envelope.
At the time of breakout, the jet expands to an
opening angle θj ∼ 1/Γ0 ∼ θ0 (Morsony et al. 2007;
Lazzati et al. 2009; Bromberg et al. 2011a; Lazzati et al.
2013). The shape of the cocoon is roughly a barrel
with a height R∗ and a width ∼ R∗θj (Bromberg et al.
2011a; Nakar & Piran 2017). The total cocoon vol-
ume is Vc ≃ πR
3
∗θ
2
j and the blackbody temperature
is Tc = [Ec/(aVc)]
1/4
, where the radiation constant
a = 7.5657×10−15 erg cm−3K−4. After breakout, a frac-
tion of the jet’s internal energy is converted to kinetic
energy, and the typical Lorentz factor of the jet mate-
rial is Γj ∼ 10
2. The photospheric radius of the jet is
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Fig. 1.— The inverse of cooling timescales for protons at the
jet’s photospheric radius: blue dashed line – synchrotron, blue dot-
dashed – IC, blue dotted line – adiabatic cooling, green dashed line
– inelastic pp scattering, green dot-dashed line – Bethe-Heitler pro-
cess, green dotted line – photomeson production, black solid line
– total. Also shown is the Fermi acceleration timescale – red solid
line.
determined by τT (r) = 1, which gives
Rph,j = LjσT /(Γ
3
jπθ
2
jmpc
3) ≃ 1.5× 1012 cm. (1)
At the same time, the cocoon expands adiabatically like
a fireball and generally its photospheric radius is larger
than the jet, which we will show later.
3. PROMPT NEUTRINO EMISSION OF A SINGLE GRB
3.1. Jet neutrinos
We assume that the dissipation mechanism is an in-
ternal shock. Let us consider an internal collision of
two subshells, with different Lorentz factors Γs = 10
2
and Γf = 10
3. Hence, the Lorentz factor of the in-
ternal shock in their center-of-mass frame is Γrel ∼
[(Γf/Γs+Γs/Γf)/2]
1/2 ∼ 2.2, which is mildly relativistic
and capable of accelerating CRs. At Rph,j , the postshock
density is ρ′j = (4Γrel + 3)ρj(Rph,j), and the internal en-
ergy is e′int = (4Γrel+3)(Γrel−1)ρj(Rph,j)c
2, and thus the
equipartition magnetic field is B′ = (8πǫBe
′
int)
1/2, the
temperature is kT ′ = {[15(hc)3/(8π5)]ǫee
′
int}
1/4, where
ǫB = ǫe = 0.1 is assumed, and the number density of
thermal photons is n′γ = 19.232π× (kT
′)3/(hc)3.
High-energy protons lose their energies through adia-
batic, radiative and hadronic processes. The adiabatic
cooling timescale tad is comparable to the dynamical
timescale. Radiative cooling includes synchrotron and
inverse Compton (IC) scattering and hadronic cooling
mechanisms mainly contain inelastic pp collisions, the
Bethe-Heitler pair production and photomeson produc-
tion processes. In this work, we calculate the cooling
rates of high-energy protons using the numerical method
described in Murase (2007, 2008) and Xiao et al. (2016).
We plot in Figure 1 the proton cooling rates at the jet’s
photospheric radius, also shown is the Fermi accelera-
tion timescale (red solid line), which is tacc = ηǫp/(eBc)
with η ∼ 1− 10 (Razzaque et al. 2004; Ando et al. 2005;
Murase 2008). The maximum proton energy can be
found by equaling the total energy loss rate to the ac-
celeration rate.
We assume the initial accelerated proton spectrum
to be a power-law dNp/dǫp ∝ ǫ
−s
p with index s = 2,
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Fig. 2.— The neutrino spectrum (per flavor) of a single GRB jet.
The flux drop on high-energy end is due to meson cooling.
and we consider two suppression factors which modify
the neutrino spectrum. The suppression factor due to
proton cooling can be written as ζCRsup (Murase 2008;
Wang & Dai 2009; Xiao et al. 2016),
ζCRsup(ǫν) =
t−1pp + t
−1
pγ
t−1syn + t
−1
IC + t
−1
ad + t
−1
pp + t
−1
BH + t
−1
pγ
, (2)
where tsyn, tIC, tad, tpp, tBH, and tpγ represent syn-
chorotron, inverse Compton, adiabatic, inelastic pp col-
lision, the Bethe-Heitler and pγ photomeson production
timescales for protons, respectively. Furthermore, the
suppression factor due to meson cooling is expressed by
(Xiao et al. 2016)
ζpisup(ǫν) =
t−1dec
t−1dec + t
−1
syn + t
−1
had
, (3)
where tdec, trad, and thad are the decay, radiative loss and
hadronic loss timescales for pions, respectively.
The jet’s neutrino fluence of a single nearby GRB can
be expressed as
E2νFνi(Eν) =
K
4(1 +K)
×
ǫaccEiso
4πD2L ln (Ep,max/Ep,min)
× ζCRsup(Eν)ζpisup(Eν), (4)
where K denotes the average ratio of charged to neutral
pions, with K ≈ 1 for pγ and K ≈ 2 for pp interactions
(Murase et al. 2016a). In this work we just assume that
the CR acceleration efficiency ǫacc = 0.1. In Figure 2 we
plot the jet’s neutrino fluence, assuming that the GRB
has Eiso = (4Lj/θ
2
j )Tdur = 4× 10
53 erg with a typical jet
duration of 10 s and is at a distance DL = 100Mpc with
a jet pointing to us.
The neutrino spectrum of the jet is characterized by
a global suppression which is caused by the other cool-
ing mechanisms competing with pp and pγ neutrino pro-
duction processes, and a sharp drop at energies > 100
TeV due to the radiative cooling suppression of pions.
The low-energy neutrino flux is very faint since there
is an threshold energy for the pγ interaction and the
pp efficiency fpp = tdyn/tpp ≪ 1 at the photospheric
radius. The fluence is so high that it should be de-
tected by IceCube if the observer is on-axis. However,
the chance is very small since the jet is highly beamed
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Fig. 3.— Same as Figure 1, but at the cocoon’s photospheric
radius.
with an opening angle ∼ 0.1. On average, one of ev-
ery ∼ f−1b ∼ 400 GRBs has a jet pointing to us, where
fb ≡ (1 − cos θj)/2 ≃ θ
2
j /4 is the beaming factor.
3.2. Cocoon neutrinos
Once the jet breaks out, the cocoon will also break
out and expand as a fireball, with a total energy Ec.
The cocoon could be divided into two parts: isotropic
shocked stellar materials and shocked jet materials with
typical opening angle θc ∼ 0.5 (Bromberg et al. 2011a;
Nakar & Piran 2017). Numerical results show that there
is also a distribution of Lorentz factors at different po-
sitions of shocked jet materials (Nakar & Piran 2017),
ranging from non-relativistic Γc,s = 1 to relativistic
Γc,f = 10. Hence, in the case of “partial mixing”
(Nakar & Piran 2017), we also expect that two subshells
collide with each other and then resultant shocks can
accelerate CRs. Similar to that in the jet, we have
Γrel,c ∼ 2.2.
The photospheric radius of the cocoon is
Rph,c =
(
κEcfΓc
2πθ2cc
2Γc
)1/2
, (5)
where κ = 0.2 cm2 g−1 is the mean opacity and fΓc rep-
resents the fraction of energy carried by materials with
Lorentz factor Γc. Numerical results suggest that the
cocoon energy is divided uniformly for every logarithmic
scale of Γcβc in the range of 0.1− 10 and then fΓc ∼ 0.1
(Nakar & Piran 2017). At Rph,c, the volume of the shell
in the comoving frame is Vph = 2πθ
2
cR
3
ph,c/Γc. Since
the cocoon mass is Mc = fΓcEc/Γcc
2, the preshock den-
sity is then ρc = Mc/Vph. After adiabatic expansion to
the photospheric radius, the cocoon temperature cools to
T ′c = Tc(VcfΓc/Vph)
1/3. The postshock internal energy
can be expressed as e′int,c = (4Γrel,c + 3)(Γrel,c − 1)ρcc
2,
and then the remaining calculation is similar to that for
the jet. Adopting a value of Ec = 2 × 10
50 erg as in
Section 2, we plot the cooling rates of protons at the co-
coon’s photospheric radius in Figure 3 and the spectrum
of cocoon neutrinos in Figure 4.
The spectrum of cocoon neutrinos peaks at a higher
energy compared to jet neutrinos, since the maximum
CR energy can be much higher in the cocoon. The phys-
ical reason for this result is that the photospheric radius
of the cocoon is much larger than the jet according to
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Fig. 4.— The neutrino spectrum (per flavor) of a single GRB
cocoon. Generally, the neutrino fluence from the cocoon peaks at
higher energies, but is two or three magnitude fainter than that
from the jet under conservative estimate.
equations (1) and (5), which leads to lower internal en-
ergy and blackbody temperature thus less proton cooling.
The spectrum of such a cocoon is shown in Figure 4 for
a distance DL = 100Mpc. The total neutrino fluence of
this cocoon is two or three orders of magnitude fainter
than that of the jet neutrinos, because the total isotropic
energy of the cocoon is much lower.
Using the latest IceCube effective area A(Eν) given by
Aartsen et al. (2015c), we can now estimate the number
of neutrino events in the IceCube detector. The number
of muon neutrinos above 1 TeV is
N(> 1TeV) =
∫ Eν,max
1TeV
dEνA(Eν)Fν(Eν). (6)
For our parameters, the number of neutrinos from the
jet is Nj(> 1TeV) ∼ 20 for a typical jet duration of 10 s
and the number of neutrinos from the cocoon is Nc(>
1TeV) ∼ 0.1. Note that the fluence depends on the in-
verse of the distance square. Therefore, for a possible Ice-
Cube observation of the jet neutrinos, this source should
be within D′j,L = (20/1)
1/2 × 100Mpc ∼ 440Mpc from
the earth. This implies that on average we would have to
wait for [(4/3)πD′3j,L × ρ(0)]
−1 ∼ 3 yr, where we assume
the local burst rate ρ(0) ∼ 1Gpc−3 yr−1 (Guetta et al.
2005; Pe´langeon et al. 2008). This time is inversely pro-
portional to the jet duration. For the cocoon neutrinos,
D′c,L = (0.1/1)
1/2 × 100Mpc ∼ 32Mpc and the average
waiting time is [(4/3)πD′3c,L×(θc/θj)
2×ρ(0)]−1 ∼ 290 yr,
where the second factor in the the square brackets has
been introduced due to the effect of a wider outflow of
the cocoon.
Since the nearby GRB rate is dominated by low-
luminosity GRBs (LL-GRBs), it is of interest to in-
vestigate whether we can observe the cocoon neutri-
nos from them. To an order of magnitude estimate, a
typical LL-GRB has a jet luminosity Lj,LL ∼ 10
45 −
1048 erg s−1 (e.g. Bromberg et al. 2011b). For a nomi-
nal value 1046 erg s−1, the energy injected into the co-
coon is at most Ec,LL = Lj,LLTdur ∼ 10
47 erg (in the
case of a chocked jet). This energy is three orders
of magnitude lower than that of a normal GRB co-
coon. We calculate the neutrino fluence of this nom-
inal LL-GRB as before and find that the number of
neutrinos in IceCube detector is Nc,LL = 1.7 × 10
−4
if it is located at 100Mpc, leading to D′LL = 1.3Mpc.
Although the local burst rate is much higher for LL-
GRBs, ρLL(0) ∼ 200Gpc
−3 yr−1 (e.g. Sun et al. 2015),
assuming that the cocoon still expands to an opening
angle θc,LL ∼ 0.5, the average waiting time is about
[(4/3)πD′3LL × (θc,LL/θj,LL)
2 × ρLL(0)]
−1 ∼ 2 × 104 yr.
Therefore, it may be not easy to detect neutrinos from
LL-GRB cocoons.
Note that the cocoon fluence of the black solid line
in Figure 4 is a rather conservative estimate, since we
have assumed that there is no extra energy deposited into
the cocoon after breakout. However, a large fraction of
long GRBs have an X-ray afterglow plateau which lasts
∼ 500 s to 103 s with a luminosity of 1046−50 erg s−1 (e.g.
Dainotti et al. 2015). The total energy in the plateau
may be comparable or greater than that of the jet. One
possible explanation for this plateau is that there is con-
tinued injection of energy at a lower bulk Lorentz factor
(e.g. Zhang et al. 2006), which would lead to continuous
addition of energy to the cocoon for ∼ 500 − 1000 sec-
onds. The shock that causes the X-ray plateau would
also accelerate CRs and make neutrinos. Thus, the neu-
trino fluence could be higher by a factor of ∼ 100 and
the waiting time would be shorter by the same factor. Of
course, Poisson fluctuations or a higher rate or efficiency
could conceivably also reduce this waiting time.
For individual source detections, since the opening an-
gle is as large as θc ∼ 0.5, there is a great chance to
observe the neutrino emission from the cocoon if the
GRB is located at a distance of the order of Mpc in
the impulsive jet/cocoon model (or ∼ 100Mpc, in the
continuous injection plateau model), although this still
remains a difficult observation. With the upgrade pro-
cess to IceCube-Gen2 in next few years, the effective area
is larger, thus offering better hopes for detecting such low
fluences of the cocoons. Cocoon neutrinos are produced
at (Rph,c −Rph,j)/c ∼ 500 s later than the jet neutrinos.
For an on-axis observer, we can observe two neutrino sig-
nals. Jet neutrinos come first with a larger fluence, fol-
lowed by cocoon neutrinos. If the observing angle falls
into the range θj < θobs < θc, the jet neutrinos are miss-
ing and the cocoon neutrinos are observable. However,
for too large observing angle θobs > θc, no prompt neu-
trinos are expected. IceCube has reported no significant
direct correlation between the existing high energy start-
ing event (HESE) with a GRB (Aartsen et al. 2012, 2016,
2017). However, this constraint is not applicable for co-
coon neutrinos.
4. DIFFUSE NEUTRINO FLUX OF GRBS
To calculate the diffuse neutrino flux from GRBs, we
have to assume the burst rate and luminosity function of
GRBs. Here we adopt the best-fitting rate of the Swift-
observed long GRBs (Wanderman & Piran 2010),
ρ(z) ∝
{
(1 + z)n1 z < z1,
(1 + z1)
n1−n2(1 + z)n2 z > z1,
(7)
where z1 = 3.1
+0.8
−0.6, n1 = 2.1
+0.5
−0.6, and n2 = −1.4
+2.4
−1.0.
The luminosity function is
Ψ(L) ≡
dN
dL
∝
{
(L/Lb)
−α L < Lb,
(L/Lb)
−β L > Lb,
(8)
5where Lb = 10
52.5±0.2 erg s−1 is the break point of the
GRB isotropic luminosity and the best-fitting indices
are α = 1.2+0.2−0.1 and β = 2.4
+0.3
−0.6 (Wanderman & Piran
2010)1. For completeness, we discuss the results based
on different rates and luminosity functions of GRBs later
in Section 5.
The diffuse prompt neutrino flux of GRBs is expressed
as
E2νΦνi =
c
4πH0
×
K
4(1 +K)
×
∫ zmax
0
dz
∫ Lmax
Lmin
dL
1
(1 + z)2
√
ΩM (1 + z)3 +ΩΛ
×
ǫaccρ(z)Ψ(L)Eiso(L)ζCRsup(ǫν , L)ζpisup(ǫν , L)
ln (ǫp,max(L)/ǫp,min(L))
,
(9)
where we adopt Lmin = 10
45 erg s−1, Lmax =
1052 erg s−1, zmax = 20 and the cosmological param-
eters are H0 = 67.8 km s
−1Mpc−1 and ΩM = 0.308
(Plank Collaboration 2015).
Figure 5 shows the diffuse neutrino flux from GRBs,
compared with the observation of IceCube (blue data-
points, Aartsen et al. (2015a)). The blue solid line cor-
responds to the jet neutrinos and the black solid line
to cocoon neutrinos under conservative estimate. The
Waxman-Bahcall bound is indicated by the green dashed
lines. The prompt neutrino flux of GRB jets is con-
sistent with the new constraints given by the IceCube
Collaboration for the photospheric model (Aartsen et al.
2017). The uncertainty in total cocoon energy result in
an range of the final diffuse flux of cocoon neutrinos,
which is shown by the cyan region in Figure 5. The dif-
fuse flux of cocoon neutrinos could reach a comparable
level as that of jet neutrinos, especially, being dominat-
ing at PeV energies. For a larger Ec, the photospheric
radius is larger according to equation (5) and the proton
cooling is less severe. This could result in a higher flux
of PeV neutrinos. Most importantly, since the opening
angle of the cocoon is larger θc ∼ 0.5, its neutrinos have
greater chance to be observed by the future IceCube-
Gen2, though the correlation with GRBs may not be
easy to identify since we need a successful observation of
the cocoon’s electromagnetic emission as a prerequisite.
5. DISCUSSIONS AND CONCLUSIONS
In this work we have revisited the dissipative pho-
tospheric scenario of GRBs, focusing on their neutrino
emission. The dissipation mechanism is assumed to be
internal shocks by which the CRs can be accelerated.
The spectrum of a single GRB event is characterized
by two suppression factors, which are caused by pro-
ton cooling and meson cooling respectively. The neu-
trino spectrum of the jet and the cocoon peak at dif-
ferent energies. Under conservative estimate, the neu-
trino flux from the cocoon is fainter than that from the
jet, and needs longer waiting time for a successful ob-
servation. However, this depends on how much energy
is deposited into the cocoon. If an GRB is by chance
1 Please note that our definition of α and β is slightly different
from Wanderman & Piran (2010), where dN/d logL is used.
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Fig. 5.— The diffuse prompt neutrino flux (per flavor) of GRBs.
The blue solid line represents the jet neutrinos and the diffuse flux
that could be contributed by the cocoons is marked by the cyan
region. The green dashed lines are the Waxman-Bahcall bound.
Also shown is the diffuse neutrino background from IceCube ob-
servations (blue data-points).
located at the Mpc distance, we have a greater chance
to observe the cocoon neutrinos since the opening angle
is larger than that of the jet. At last, we calculated the
diffuse prompt neutrino flux for GRBs and found that
the contribution from the cocoon could reach a compa-
rable level as that of the jet. Note that since the dif-
fuse flux depends on the rate and luminosity function
of GRBs, we illustrate this effect in Figure 6, in which
we involve two additional cases. One uses the cosmic
GRB rate given by Lien et al. (2014) that has the same
form as Wanderman & Piran (2010) but with different
best-fitting parameters (i.e., z1 = 3.6, n1 = 2.07, n2 =
−0.70, Lb = 10
52.05 erg s−1, α = 0.65, and β = 3.0)
(shown by the green solid line in Figure 6). The result of
Lien et al. (2014) suggests the possibility of an intrinsic
GRB rate that contains more bursts at higher redshifts
than Wanderman & Piran (2010) but the number of low-
luminosity GRBs is suppressed. In this case, the diffuse
neutrino flux is slightly higher. The other case uses the
latest statistic burst rate that indicates an excess at low
redshifts and for which the luminosity evolution is in-
volved (Yu et al. 2015; Petrosian et al. 2015) (shown by
the red solid line in Figure 6), thus leading to a much
higher diffuse neutrino flux.
IceCube reported the detection of five low-significance
events correlated with five GRBs. However, these events
are consistent with the background expectation from at-
mospheric muons and neutrinos (Aartsen et al. 2016).
Lately, extended search for neutrinos coincident with
GRBs in IceCube data shows no significant correlation
(Aartsen et al. 2017). On one hand, the diffuse neutrino
flux of GRB jets in the expectation of our model is less
than one tenth of the IceCube observed diffuse back-
ground. On the other hand, the possibility of verify-
ing the correlation is sufficiently cut down since the jet is
highly beamed. One of every∼ 400 GRBs has a jet point-
ing to us. Since the cocoon has a larger opening angle, if
the observing angle is in the range of θj < θobs < θc, the
only neutrino signal we can observe is from the cocoon.
However, since we would miss the GRB prompt emission
in this situation, this neutrino signal from the GRB co-
coon still could not verify the correlation of a GRB and a
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Fig. 6.— The diffuse prompt neutrino flux (per flavor) of GRBs
when we adopt different cosmic GRB rates and luminosity func-
tions and take jet neutrinos as an example (note that the trend
is the same for cocoon neutrinos). The blue solid line represents
the diffuse flux of jet neutrinos when adopting the burst rate given
by Wanderman & Piran (2010), and similarly, the green line cor-
responds to Lien et al. (2014) and the red line to Yu et al. (2015).
HESE, although physically speaking they should be cor-
related. However, with the accumulating data of HESE
and all-sky transient survey, there is still a good chance
to test the correlation in the near future.
We thank the referee for valuable comments and con-
structive suggestions. This work was supported by the
National Basic Research Program of China (973 Program
grant 2014CB845800) and the National Natural Science
Foundation of China grant 11573014 (D.X. and Z.G.D.)
and by NASA NNX13AH50G (P.M.)
REFERENCES
Aartsen, M. G. & IceCube Collaboration 2012, Nature, 484, 351
Aartsen, M. G., IceCube Collaboration 2015, ApJ, 809, 98
Aartsen, M. G. & IceCube Collaboration 2015,
arxiv:1510.05222v3
Aartsen, M. G. & IceCube Collaboration 2016, ApJ, 824, 115
Aartsen, M. G. & IceCube Collaboration 2017,
arxiv:1702.06868v1
Alvarez-Muniz, J., Halzen, F., & Hooper, D. W. 2000,
Phys. Rev. D, 62, 093015
Ando, S., Beacom, J. F., & Yuksel, H. 2005, Phys. Rev. Lett., 95,
171101
Bahcall, J., & Waxan, E. 2001, Phys. Rev. D, 64, 023002
Becker, J. K. 2008, Phys. Rep., 458, 173
Bromberg, O., Nakar, E., Piran, T., & Sari, R. 2011, ApJ, 740,
100
Bromberg, O., Nakar, E., & Piran, T. 2011, ApJ, 739, L55
Dai, Z. G., & Lu, T. 2001, ApJ, 551, 249
Dainotti, M., Petrosian, V., Willingale, R., O’Brien, P.,
Ostrowski, M., & Nagataki, S. 2015, MNRAS, 451, 3898
Dermer, C. D., & Atoyan, A. 2003, Phys. Rev. Lett., 91, 071102
Gao, S., Asano, K., & Me´sza´ros, P. 2012, JCAP, 1211, 058
Guetta, D., & Granot, J. 2003, Phys. Rev. Lett., 90, 201103
Guetta, D., Hooper, D., Alvarez-Mun˜iz, J., Halzen, F., &
Reuveni, E. 2004, Astroparticle Physics, 20, 429
Guetta, D., Piran, T., & Waxman, E. 2005, ApJ, 619, 412
Horiuchi, S., & Ando, S. 2008, Phys. Rev. D, 77, 063007
Katz, B., Budnik, R., & Waxman, E. 2010, ApJ, 716, 781
Lazzati, D., Morsony, B. J., & Begelman, M. C. 2009, ApJ, 900,
L47
Lazzati, D., Morsont, B. J., Margutti, R., & Begelman, M. C.
2013, ApJ, 765, 103
Levinson, A., & Bromberg, O. 2008, Phys. Rev. Lett., 100, 131101
Lien, A., Sakamoto, T., Gehrels, N., et al. 2014, ApJ, 783, 24
Liu, R. Y., Wang, X. Y., & Dai, Z. G. 2011, MNRAS, 418, 1382
Liu, R. Y., & Wang, X. Y. 2013, ApJ, 766, 73
Matzner, C. D. 2003, MNRAS, 345, 575
Me´sza´ros, P., & Rees, M. J. 2000, ApJ, 541, L5-L8
Me´sza´ros, P., & Waxman, E. 2001, Phys. Rev. Lett., 87, 171102
Mizuta, A., & Aloy, M. A. 2009, ApJ, 699, 1261
Mizuta, A., & Ioka, K. 2013, ApJ, 777, 162
Morsony, B. J., Lazzati, D., & Begelman, M. C. 2007, ApJ, 665,
569
Murase, K., Ioka, K., Nagataki, S., &Nakamura, T. 2006, ApJ,
651, L5
Murase, K., & Nagataki, S. 2006, Phys. Rev. D, 73, 063002
Murase, K. 2007, Phys. Rev. D, 76, 123001
Murase, K. 2008, Phys. Rev. D, 78, 101302
Murase, K., & Ioka, K. 2013, Phys. Rev. Lett., 111, 121102
Murase, K., Guetta, D., & Ahlers, M. 2016, Phys. Rev. Lett., 116,
071101
Nakar, E., & Piran, T. 2017, ApJ, 834, 28
Pe´langeon, A., Atteia, J. L., Nakagawa, Y. E., et al. 2008, A&A,
491, 157
Petrosian, V., Kitanidis, E., & Kocevski, D. 2015, ApJ, 806, 44
Planck Collaboration 2015, arXiv:1502.01589v2
Rachen, J. P., & Me´sza´ros, P. 1998, Phys. Rev. D, 58, 123005
Razzaque, S., Me´sza´ros, P., & Waxman, E. 2004,
Phys. Rev. Lett., 93, 181101
Razzaque, S. 2013, Phys. Rev. D, 88, 103003
Rees, M. J., & Me´sza´ros, P. 2005, ApJ, 628, 847
Senno, N., Murase, K., & Me´sza´ros, P. 2016, Phys. Rev. D, 93,
083003
Sun, H., Zhang, B., & Li, Z. 2015, ApJ, 812, 33
Vietri, M. 1995, ApJ, 453, 883
Wanderman, D., & Piran, T. 2010, MNRAS, 406, 1944
Wang, X. Y., & Dai, Z. G. 2009, ApJ, 691, 67
Wang, Z. Y., Wang, X. Y., & Wang, J. F. 2015, ApJ, 803, L5
Waxman, E., & Bahcall, J. 1997, Phys. Rev. Lett., 78, 2292
Waxman, E., & Bahcall, J. 1998, Phys. Rev. D, 59, 023002
Waxman, E., & Bahcall, J. 2000, ApJ, 541, 707
Xiao, D., & Dai, Z. G. 2014, ApJ, 790, 59
Xiao, D., & Dai, Z. G. 2015, ApJ, 805, 137
Xiao, D., Me´sza´ros, P., Murase, K., & Dai, Z. G. 2016, ApJ, 832,
20
Yu, H., Wang, F. Y., Dai, Z. G. & Cheng, K. S. 2015, ApJS, 218,
13
Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, ApJ, 642, 354
Zhang, B., & Kumar, P. 2013, Phys. Rev. Lett., 110, 121101
